The characteristics of intrinsic defects are important for the understanding of self-diffusion processes, mechanical strength, brittleness, and plasticity of tungsten carbide, which present in the divertor of fusion reactors. Here, we use first-principles calculations to investigate the stability of point defects and their complexes in WC. Our calculation results confirm that the formation energies of carbon defects are much lower than that of tungsten defects. The outward relaxations around vacancy are found. Both interstitial carbon and interstitial tungsten atom prefer to occupy the carbon basal plane projection of octahedral interstitial site. The results of isolated carbon defect diffusion show that the carbon vacancy stay for a wide range of temperature because of extremely high diffusion barriers, while carbon interstitial migration is activated at lower temperatures for its considerable lower activation energy.
Introduction
The International Thermonuclear Experimental Reactor (ITER) is designed with a beryllium first wall, tungsten armor in the baffle and divertor regions, and carbon strike point plates [1, 2, 3] . Due to high particle and heat loads, the wall material will be eroded and migrate as plasma impurity to other parts. This leads to the formation of mixed material layers on the wall surface. Previous studies have indicated that a tungsten carbide layer could be formed during the bombardment of tungsten by carbon impurity [4, 5, 6 ].
In addition, WC is of practical interest for engineering application due to its high melting points, extreme hardness, good corrosion and temperature stability [7, 8, 9] .
Tungsten carbide is stable in a hexagonal structure, which consists of alternating simple hexagonal layers of carbon and layers of tungsten. Extensive theoretical studies have been performed to understand the electronic structure and the origin of properties of hexagonal tungsten carbide such as hardness, bulk module and stability [10, 11, 12, 13] . While, much less information is available for the intrinsic defects of hexagonal tungsten carbide, which are important for the understanding of self-diffusion processes, mechanical strength, brittleness, and plasticity. This may be related to the relatively low concentration of atomic defects on the metal and the carbon sublattices. However, the defect concentration would increase greatly in tungsten carbide upon high-energy irradiation.
Remple et al. [14] firstly identified carbon and tungsten vacancies by positron annihilation method and found the former to be formed preferentially. Then, Ivanovskii et al. [15, 16] studied the effect of tungsten and carbon vacancies on the tungsten carbide band structure using first-principles full-potential linear muffin-tin orbital approach. A vacancy peak of the DOS was observed and the formation energies of defects were calculated, i.e. 0.13 Ry (1.77 eV) and 0.20 Ry (2.72 eV) for carbon and tungsten vacancy, respectively. Thereafter, Juslin et al. [17] and Björkas et al. [18] employed the molecular dynamic method to investigate the intrinsic defects in hexagonal tungsten carbide. They also gave the formation energy of tungsten/carbon vacancy and interstitial: about 12 eV for tungsten interstitial and 3 eV for tungsten vacancy; 2.7 and 0.5 eV for carbon interstitial and vacancy, respectively. Comparing with the results of Ivanovskii [15] , the difference between carbon and tungsten defect formation energies is considerably large. Recently, Björkas et al. [18] studied the initial state of irradiation damage in tungsten carbides using molecular dynamics computer simulations. They found that irradiation of tungsten carbide induce major elemental asymmetries in defect production. This effect was explained by the large difference between tungsten and carbon defect formation energy. Even though certain details of the electronic structure and formation energy of intrinsic defects in hexagonal tungsten carbide have been addressed by aforementioned studies, several questions on the structure and stability of native point defects of tungsten carbide remain open, including questions about the atomic-scale mechanisms of defect migration.
In this paper we employ first-principles calculations to study the six possi-ble types of native point defects of hexagonal tungsten carbide: carbon (V C ) and tungsten (V W ) vacancies, carbon (C W ) and tungsten (W C ) antisites, and carbon (I C ) and (I W ) tungsten interstitials. The formation energies of point defects are obtained, and the most stable interstitial configurations are identified by relaxing various possible configurations of carbon and tungsten interstitial structure. Besides, we investigate the atomic-scale mechanisms of isolated carbon defect migration by the nudged elastic band method. Our calculations will provide a useful reference for further exploration of the defect properties in tungsten carbide.
Computation method
The present calculations have been performed within density functional theory as implemented in the Vienna ab initio simulation package (VASP) [19, 20] . The interaction between ions and electrons is described by the projector augmented wave potential (PAW) method [21, 22] . Exchange and correlation functions are taken in a form proposed by Perdew and Wang (PW91) [23] within the generalized gradient approximation (GGA). The supercell approach with periodic boundary conditions is used to study defect properties, as well as defect free system. The perfect supercell contains 128 atoms (64 carbon atoms and 64 tungsten atoms) with 4 × 4 × 4 unit cells.
The relaxations of atomic position and optimizations of the shape and size of the supecell are performed with the plane-wave basis sets with the energy cutoff of 500 eV throughout this work, which was checked for convergence to be within 0.001 eV per atom in the perfect supercell. Ion relaxations are performed using the standard conjugated-gradient algorithms as implemented in the VASP code. During the relaxations, the Brillouin zone (BZ) integrations is achieved using a Methfessel-Pazton smearing of sigma=0.39 eV. BZ sampling was performed using the Monkhorst-Pack scheme [24] , with a 3 × 3 × 3 k -point mesh centered on the Gamma point. The structural optimization is truncated when the forces converge to less than 0.01eV. 
where E is the cohesive energy of supercell with intrinsic defect, n w and n c are the numbers of tungsten and carbon in supercell, and µ wc , µ w and µ c are the chemical potential of tungsten carbide, tungsten and carbon, respectively.
Here, µ wc is taken as the cohesive energy (per formula) of hexagonal tungsten carbide, while µ w and µ c are the cohesive energy (per atom) of metallic bcc-W (per atom) and graphite (per atom) at their optimized geometries, respectively.
Results and discussion

Electronic properties
Firstly, we investigate the electronic properties of perfect tungsten carbide. The density of states (DOS) and valence charge density of hexagonal tungsten carbide are shown in Fig. 1 and Fig. 2 . The DOS are be calcu- with previous theoretical studies [11, 13, 28] .
Vacancies and antisite defects
There Besides, there exist two types of antisite defects that are formed by atoms located on the wrong sublattices, namely C W and W C , with a carbon atom on a tungsten site and a tungsten atom on carbon site, respectively. These initial defect configurations are relaxed using the DFT method described above, and the formation energy can be obtained from the total energy of the supercell with and without defects using Eq. (1). In addition, the defect volume changes relative to perfect tungsten carbide are calculated by
where V def ect and V 0 are the volume of supercell with and without defect, respectively. All calculated results are summarized in Table 2 and 3.
For the vacancy defects, we find that the nearest-neighbor atoms of the vacancy relax outward, while other neighbors move inward. It is this cooperative relaxation that makes the supercell volume insensitive to the presence of vacancies at small vacancy concentration. The volume relaxations are generally small, and the defect volume changes relative to the perfect system are -0.2% and -0.4% for V C and V W , respectively. Similar relaxation features have been found in other transition-metal carbide, such as titanium carbide [29] . The formation energy of V C and V W are 0.39 eV and 4.14 eV, respectively, and the later is much larger than the former. This is generally consistent with previous molecular dynamic calculations [17, 18] We examine the effect of V C and V W imperfections on the electronic properties of tungsten carbide. Note that, the effects of tungsten vacancy on the electronic properties are more extensive than those of carbon vacancy. Even for this low concentration of vacancies, the presence of the vacancy defects has discernible effects on the electronic properties of the host crystal.
Self-interstitial defect
In hexagonal tungsten carbide, there are ten different self-interstitial sites.
They are shown in Fig. 7 . In naming the self-interstitial sites, we have adopted a similar notation system to those used in pure metal with hcp structure [30] . O is the octahedral interstitial sites formed by equivalent three The configurations with carbon or tungsten atom in these interstitial sites are relaxed using the DFT method, and the formation energies of stable configurations are calculated using Eq. (1). In addition, we also give the defect volume changes relative to perfect tungsten carbide using Eq. (2). All results are summarized in Table 4 . For interstitial carbon atom, there are four stable or metastable occupation sites, i.e., BOC, BTW, BOW, and BTC.
The formation energies of them are 3.41eV, 4.34eV, 5.00eV, and 5.67eV, re-spectively. The BOC site is the energetically most favorable for interstitial carbon atom, and others are metastable occupation sites. This may be related to the smallest volume change, about 0.75%, induced by the interstitial carbon atom located in BOC site. For interstitial tungsten atom, the formation energies of all interstitial defect configurations are considerably higher.
The preferentially occupation site is BOC for interstitial tungsten atom, and the formation energy is 11.51eV. Moreover, there are two complex-defects, namely I C (BOC)+W C and I C (BTW)+W C ( Fig. 9 (b) and (d)), consisting of an interstitial carbon defect and a W C antisite defect, and which have a little lower formation energy than interstitial tungsten defects. We also observed two crowdion defects along the a and c direction, respectively. The formation energies of them are considerably high, about 13.65 and 15.62eV, respectively. Hence, they are energetically highly unfavorable and can not stable in hexagonal tungsten carbide. Comparing to the case of carbon interstitial defects, the defect volume changes of tungsten interstitial defects are much larger.
To sum up, the formation energy of isolated tungsten defects are much larger than that of isolated carbon defects. Anitsites and interstitials tungsten defects are clearly energetically less favorable. The key to understanding this large difference lies in the covalent property of W-C bond and the large mismatch in the covalent radii of tungsten (r W =1.30Å) and carbon (r W =0.77Å). We investigate the consequences of this mismatch on defect formation energies for the example of the tungsten antisite defect (Table 2) .
By replacing a carbon atom with a tungsten atom the W-C bonds are replaced by W-W bonds. Without atomic relaxation the W-W bonds are 18.4%
too small compared to tungsten bulk. If atomic relaxation is allowed, the six neighboring tungsten atoms move outward by about 0.22Å. The atomic relaxation is accompanied by an energy gain. However, even large energy gain due to relaxation can not avoid that the tungsten antisite remains energetically unfavorable. The large energy gain is only a response to the huge internal strain which is built up by forming this antisite. Atomic relaxation can reduce this strain; however, it can not completely avoid it.
We also investigate the split-interstitial configuration in hexagonal tungsten carbide. Fig. 8 shows four possible carbon split-interstitial configurations, which are denoted by the symbols SCC, SWC, BSCC, and BSWC, and described as follows: SCC ( Fig. 8 (a) ), two carbon atoms are symmetrically split in the c direction about a carbon vacant normal lattice site; SWC ( Fig.   8 (b) ), a tungsten atom shares a tungsten vacant normal lattice site with a carbon atom in the c direction; BSCC (Fig. 8 (c) ), two carbon atoms are symmetrically split in the dense a direction about a carbon vacant normal lattice site; BSWC ( Fig. 8 (d) shift away the carbon vacant site, as shown in Fig. 9 . For tungsten splitinterstitial defects, the W-W dimer configuration is not observed. It should be noted that the tungsten will occupy the vacant site when a tungsten atom and a carbon atom share a vacant site.
Diffusion properties
During isochronal annealing, the defects anneal out in two stages at 800 K and at 1200 K [14] . The For carbon vacancy, the saddle-point structure of PC V is that the carbon atom equidistant from the two carbon lattice vacant site in the c direction,
i.e. BTW interstitial site ( Fig. 10 (a) ), while that of PB V is that the carbon atom seated in the BOC as shown in Fig. 10 
Conclusion
We use first-principles calculations to study the stability of point defects and their complexes in tungsten carbide. Our calculation results confirm that the formation energies of carbon defects are much lower than that of tungsten defects. The outward relaxations around vacancy are found. We identified that the BOC site is the energetically most favorable for interstitial carbon and tungsten atom. The C-C dimer configurations, along c and a direction respectively, are also found and their formation energy are a little higher/lower than that of most stable isolated carbon interstitial defect. In addition, we firstly investigated the atomic-scale mechanism of carbon defect diffusion in tungsten carbide. Isolated carbon defect preferably diffuse in the basal plane. The results of carbon defect diffusion show that the carbon vacancy stay for a wide range of temperature because of extremely high diffusion barriers, while carbon interstitial migration is activated at lower temperatures for its considerable lower activation energy. a Reference [25] b Reference [26] c Reference [27] d Reference [17] Table 4 Calculation results for carbon and tungsten self-interstitial defects in tungsten carbide. ∆V /V (%) is defect volume changes relative to the perfect system; E f (eV) is the formation energy of defect configuration.
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